Iron is an essential nutrient being used in heme, iron-sulfur clusters, and diiron-oxo centers in enzymes. Iron homeostasis in the model organism Saccharomyces cerevisiae is largely regulated at the level of transcription via the iron responsive transcriptional activators Aft1 and Aft2 (1) (2) (3) . The set of genes regulated by Aft1 and Aft2 is designated as the iron regulon. The regulon includes a series of genes with products that function in iron acquisition and intracellular iron distribution such as genes involved in cell surface iron uptake (FET3, FTR1, FRE1, and FRE2), siderophore uptake (ARN1-4 and FIT1-3), and iron transport across the vacuole membrane (FET5 and FTH1) (4 -8) .
Aft1 binds to a conserved promoter sequence designated the iron regulatory element (9) . Aft2 also activates gene expression through iron regulatory promoter elements, but it is a weaker transcriptional activator of genes with a consensus iron regulatory element (7) . In addition, the two transcription factors mediate differential expression of individual iron-regulated genes (7) . Mutants lacking Aft1 grow poorly in iron-limiting conditions, whereas mutants lacking both Aft1 and Aft2 are severely compromised in growth in iron-deficient conditions (3, 10) .
The mechanism by which Aft1 and Aft2 are inhibited or activated in an iron-dependent fashion has been a topic of interest but is still incompletely understood. As a first key issue of regulation, the localization of Aft1 is affected by the cellular iron status. Aft1 shuttles between the nuclear compartment in iron-deficient cells and the cytoplasm in iron-replete cells (11) . A nuclear export sequence was identified in Aft1. Mutations within the nuclear export sequence result in retention of Aft1 within the nucleus in iron-replete cells and constitutive transcriptional activity (11) . Thus, iron regulation of Aft1 is dependent on its cycling between these two compartments. As a second point, Aft1 and Aft2 contain a functionally important conserved Cys-Xaa-Cys sequence motif adjacent to the DNA binding domain and 190 residues downstream of the nuclear export sequence. Cys 3 Phe substitutions at either of the two Cys residues within Aft1 or Aft2 result in constitutive transcriptional activation in iron-replete cells (1) . 1 As expected, the constitutively active Cys 291 Phe Aft1 variant (Aft1-1 up ) is retained within the nucleus (11) . The prominent role of the CysXaa-Cys motif in iron regulation suggested that iron binding may contribute to inhibition of Aft1/Aft2 function. Direct iron binding to Aft1/Aft2 would be consistent with three other metalloregulatory transcriptional activators in yeast that respond directly to the cellular zinc and copper status (13) . However, iron binding to Aft1 has not been demonstrated thus far.
Additional clues on the mechanism of iron regulation of Aft1/Aft2 were recently obtained from studies with mutant yeast strains. Cells defective for Fe-S cluster biogenesis within the mitochondrial matrix exhibit constitutive expression of the iron regulon and show a drastic iron accumulation within mitochondria (5, 14 -18) . One might expect that a result of the excessive mitochondrial iron accumulation is the depletion of cytosolic iron thus leading to activation of Aft1 (19, 20) . However, recent evidence shows that defects in mitochondrial Fe/S cluster biogenesis are not associated with lowered cytosolic iron levels (18) . Therefore, Aft1 activation was suggested to depend on a product of the mitochondrial Fe-S cluster biogenesis pathway rather than on cytosolic iron levels.
Because the mitochondrial Fe/S protein biogenesis machinery is also involved in the maturation of cytosolic Fe/S proteins, it was speculated that Aft1 may sense cytosolic Fe/S clusters (18) . In support of this, mitochondrial iron accumulation was also observed in mutants of the so-called mitochondrial ISC export machinery that transports a still unknown compound needed for Fe/S protein biogenesis from the mitochondrial matrix to the cytosol. This machinery encompasses the mitochondrial Atm1 and Erv1 proteins as well as glutathione (14, 21, 22) . Cells with reduced expression of ATM1 or ERV1 or low amounts of glutathione show impaired cytosolic Fe-S cluster insertion into Leu1 and other cytosolic/nuclear Fe/S proteins, but mitochondrial Fe/S protein assembly is unaffected. The effect of Atm1, Erv1, and glutathione depletion on the iron regulon has not been tested until now.
Within the cytoplasm, three recently described proteins, Cfd1, Nbp35, and Nar1, are essential for assembly of cytoplasmic Fe-S cluster-containing enzymes (23, 24) . 2 These three proteins are indispensable for cell viability. Cells containing a regulatable NAR1 show impaired maturation of cytosolic/nuclear Fe/S proteins under NAR1-repressing conditions but no impairment in mitochondrial Fe-S enzyme activities (24) . In contrast to ATM1 shutdown cells, the NAR1 shutdown cells do not accumulate mitochondrial iron, but the influence of the depletion of Nar1 and the other two components on the iron regulon is unknown so far.
To explore whether iron sensing by Aft1/Aft2 requires the function of the mitochondrial export and cytosolic Fe-S protein assembly system, we evaluated the expression of the iron regulon in cells depleted in glutathione and in cells with compromised function of Atm1, Nar1, Cfd1, and Nbp35. We report that the iron regulon is induced in ⌬gsh1 cells and ATM1 repressed cells. Both Aft1 and Aft2 are activated in ATM1 repressed cells. In contrast, repression of NAR1, CFD1, or NBP35 fails to induce the iron regulon despite strong inhibition of cytosolic/ nuclear Fe-S protein assembly. Thus, iron sensing by Aft1/Aft2 is not linked to the assembly of cytosolic/nuclear Fe-S proteins.
MATERIALS AND METHODS
Yeast Strains and Culture Conditions-The yeast strains used in this study are listed in Table I . The ⌬gsh1 homozygous diploid strain is isogenic with the BY4743 background. All other strains are isogenic with the W303 background. PCR-mediated integration of the TRP1 gene and the G418 resistance cassette was used to generate the ⌬aft1 and ⌬aft2 strains, respectively. Yeast strains with NFS1, ATM1, NAR1, CFD1, or NBP35 under the control of the GAL1-10 promoter were constructed as described previously (14, 24) . 2 Haploid strains that contain the ⌬aft1 and/or ⌬aft2 deletions with the NAR1 or ATM1 gene under the control of the GAL1-10 promoter were generated by the mating of the relevant haploid strains followed by the sporulation and dissection of the resulting diploid strain. Cells were grown at 30°C in complete synthetic medium (CM) 3 or in complete synthetic medium lacking uracil (CM-Ura), tryptophan (CM-Trp), or methionine (CMMet) with either 2% glucose or 2% galactose as the carbon source. To analyze gene expression in the Gal-ATM1 and Gal-NAR1 strains, overnight cultures were grown in CM-galactose medium, harvested, washed and re-inoculated into CM-dextrose medium, and grown for the specified times to repress the expression of the relevant gene. An initial low inoculum of the Gal-ATM1 cells ensured that the cultures were still in mid log phase at the time the cells were harvested. The Gal-NAR1 strains where grown for 30 h to repress NAR1 expression, which required that the cultures were diluted at 24 h growth into fresh media to prevent the cultures from leaving log phase. For several experiments the growth medium was supplemented with 0.1 mM bathophenanthroline sulfonate (BPS) as a ferrous ion chelator to lower the availability of iron or supplemented with 0.1 mM FeCl 2 . YPD medium contains yeast extract, tryptone, and dextrose.
Plasmids-The lacZ reporter constructs pFC-W was a gift from Andrew Dancis. These contain a functional and non-functional copy of the FET3 iron responsive element, respectively, in a minimal promoter. The AFT1-1 up plasmid was described previously (7) . pFET3/GFP harboring the FET3 promoter in front of a GFP fusion gene (two copies of GFP) was constructed by inserting 531 nucleotides immediately upstream of the FET3 coding sequence into the SacI and SmaI sites of pHK252 (i.e. pPS1372 carrying a TRP1 marker gene, kindly provided by Heike Krebber, Marburg, Germany. As a result, the promoter fragment is located immediately upstream of a GFP fusion protein starting with a nuclear export signal followed by two GFP sequences (pPS1372) (25) . The vector pRKISC encoding the ISC gene cluster, kindly provided by Dr. Y. Takahashi, was used for overexpression of the ISC operon (26) . All yeast transformations were performed using the lithium acetate procedure.
Sulfite Reductase Assay-Frozen cells collected from a 100-ml culture to an optical density of 1 were resuspended in buffer containing 100 mM Tris-HCl, pH 7.5, 10% glycerol (w/v), 0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride. This resuspension was incubated with 1470 units/ml of lyticase for 45 min at room temperature followed by the addition of 2-mercaptoethanol for a final concentration of 2 mM. Cell rupture was accomplished by vortexing the cells in the presence of glass beads. The extract was centrifuged at 16,000 ϫ g, and the supernatant was transferred to a fresh Eppendorf tube. A NADPH-generating buffer containing 111 mM potassium phosphate, pH 7.5, 0.22 mM NADP ϩ , 11 mM glucose-6-phosphate, 0.55 units of glucose-6-phosphate dehydrogenase per ml of reaction was incubated for 10 min with different amounts of the cell extracts at 30°C followed by the addition of sodium sulfite at a final concentration of 1 mM and incubation for 20 min at 37°C. The reaction was terminated by the addition of 0.1 ml of 20 mM N,Ndimethyl-p-phenylenediamine monohydrochloride dissolved in 7.2 N HCl and 0.1 ml of 30 mM ferric chloride dissolved in 1.2 N HCl (27) . The formation of methylene blue after completion of the reaction was determined at 650 nm in a spectrophotometer.
Quantification of GFP Expression-The optical density at 600 nm of a mid log phase cell culture was adjusted to 1 in water, and 3 ml was transferred to a quartz cuvette and analyzed in a JASCO FP-6300 spectrofluorimeter. The settings were: excitation wavelength, 480 nm; Miscellaneous Methods-The following published methods were used: mRNA quantification by S1 nuclease analysis (3), 59 Fe uptake (3). Microarray analysis was carried out as described (3) with the exception that the fluorescence was captured with a GenePix4000B Scanner (Axon Instruments), and the fluorescent intensities were quantified using ImaGene 5.5 (BioDiscovery).
RESULTS

Effects of Disruption of Cytosolic Fe-S Protein Biogenesis on FET3 Expression-Previous
studies have shown that depletion of Nfs1, Atm1, Cfd1, Nbp35, and Nar1 result in impaired activity of cytosolic Fe-S enzymes (14, 23, 24) . Reduced amounts of both Nfs1 and Atm1 led to increases in mitochondrial iron, whereas depletion of the other proteins did not affect the mitochondrial iron status (24) . 2 So far, only depletion of Nfs1 was shown to affect the iron regulon (18) . To evaluate the effect of depletion of other assembly proteins on the iron regulon, we used Gal-NFS1, Gal-ATM1, Gal-CFD1, Gal-NBP35, and Gal-NAR1 cells that harbor the GAL-1-10 promoter in front of the respective Fe/S protein assembly/transport genes. The GAL1-10 promoter permits glucose-mediated repression of transcription of these genes (14) . To follow the expression of FET3, a key gene of the iron regulon, cells were transformed with a plasmid containing 531 bp of the FET3 promoter at the 5Ј end of a GFP fusion gene. Cells grown in galactose medium were transferred to glucose medium for 21 h to achieve depletion of the Fe/S protein assembly components. Cells depleted of Nfs1 or Atm1 showed strongly elevated GFP expression consistent with enhanced FET3 promoter activity (Fig. 1 ). In contrast, depletion of Nar1, Cfd1, or Nbp35 did not result in induction of GFP expression. We conclude from these data that reduction of Atm1, similarly to Nfs1, had a marked effect on the iron regulon, whereas the other proteins did not induce FET3 transcription.
Depletion of Atm1 Induces the Iron Regulon-To confirm the effects of depletion of Atm1 on expression of the iron regulon, additional experiments were conducted on the expression of chromosomal genes in the iron regulon. Gal-ATM1 cells were cultured for varying times in repressing glucose conditions to evaluate the effects on the entire iron regulon. Expression of the chromosomal FET3 was comparably high in Atm1-depleted cells in CM as in iron-deficient wild-type cells (BPS treated) ( Fig. 2A) . Furthermore, FET3 expression was not inhibited in iron-treated cells establishing that its expression was constitutive ( Fig. 2A) . These data are in agreement with those shown above using the FET3/GFP fusion gene construct. Cells depleted of Atm1 for 10 h exhibited almost wild-type activity of the cytosolic Fe-S cluster enzyme sulfite reductase (Fig. 3) . Quantitation of transcript levels of other iron regulon genes revealed constitutive expression of TIS11 and FTR1 at 11 h of Atm1 depletion yet only partial induction of FIT3 expression (Fig. 2, B-D) . Depletion of Atm1 for 26 h resulted in constitutive expression of the four iron regulon genes mentioned (Fig. 2,  A-D) . At this time of Atm1 depletion, the activity of sulfite reductase was attenuated by 80% (Fig. 3) .
Transcript profiling by DNA microarray analysis was carried out at 16 h of Atm1 depletion to determine which iron regulon genes were activated (Table II) . The top 20 genes induced in cells containing the constitutively active Aft1-1 up allele observed in a previous microarray study (7) were also induced in cells depleted of Atm1 confirming that the entire iron regulon is induced upon Atm1 depletion.
The early onset of FET3 expression in these cells presumably arose from Aft1/Aft2-mediated activation. To test this prediction, the role of Aft1 and Aft2 in the transcription of FET3 in Atm1-depleted cells was tested in mutants lacking AFT1 or AFT2. Iron-deficient or iron-replete Gal-ATM1 cells depleted of Atm1 for 11 h were evaluated for chromosomal FET3 expression. Cells lacking Aft2 resembled those with wild-type AFT1/ AFT2 alleles in constitutive FET3 expression, whereas cells lacking Aft1 showed no detectable FET3 mRNA at 11 h of Atm1 depletion in iron-supplemented cells (Fig. 4A) . With prolonged times (26 h) of Atm1 depletion, FET3 expression in ⌬aft1 cells was constitutive (Fig. 4B) . Comparing Gal-ATM1⌬aft1 and Gal-ATM1⌬aft2 cells, it is obvious that Aft1 is the dominant transcriptional activator of FET3. We conclude that disruption of Atm1 function leads to the activation of both Aft1 and Aft2, but the Aft2-mediated response is retarded with respect to that of Aft1.
Induction of the Iron Regulon in Glutathione-depleted Cells-As mentioned previously, glutathione functions in an ill-defined step together with mitochondrial Atm1 and Erv1 in cytosolic Fe-S cluster export/assembly (22) . To confirm the induction of the iron regulon in cells depleted of the Atm1 pathway, we tested ⌬gsh1 cells that fail to synthesize glutathione or the ␥-glutamyl-cysteine dipeptide. Cells require glutathione for survival, but ⌬gsh1 cells can undergo several cell divisions in the presence of an exogenous reductant, such as DTT. Mutant cells cultured in the presence of DTT have normal activities of mitochondrial Fe-S enzymes but markedly reduced cytosolic Leu1 activity and radioiron incorporation into the Fe-S enzymes Leu1 and Rli1 (22) . To determine the effect of glutathione depletion on the expression of the iron regulon, ⌬gsh1 cells were cultured in YPD medium (which contains glutathione) to permit growth followed by inoculation into synthetic medium containing DTT to ensure short term survival. After 7 h in synthetic medium, cells were harvested, and RNA was extracted for mRNA quantitation by the S1 nuclease protection assay. Expression of FET3, FTR1, FIT3, and TIS11 remained high in iron replete cells (Fig. 5) . The failure of these cells to down-regulate these genes in iron replete growth conditions is consistent with the maintenance of active Aft1/Aft2 transcription factors. The activity of the cytosolic Fe-S cluster-containing enzyme sulfite reductase was decreased 2-fold in these cells (Fig. 3) . Thus, ⌬gsh1 cells show similar characteristics on iron regulation as cells depleted in Atm1.
Induction of FET3 in Nar1-depleted Cells-Nar1 is one of three known cytosolic proteins that are essential for assembly of Fe-S centers in cytosolic proteins (23, 24) . 2 We addressed the role of Nar1 on iron sensing by Aft1/Aft2 using Gal-NAR1 cells that contain a glucose-repressing NAR1 allele. Gal-NAR1 cells depleted of Nar1 for 30 h contained hardly any sulfite reductase activity (Fig. 3) consistent with a prominent role of Nar1 in maturation of cytoplasmic Fe-S enzymes. Cells were depleted of Nar1 for 30 h prior to quantitation of the iron regulon expression. Nar1 depletion induced chromosomal FET3 in cells cultured in CM treated with 0.1 mM Fe(II) for only the last 6 h of incubation, conditions that result in inhibited expression in wild-type cells (Fig. 6A) . Gal-NAR1 cells supplemented with iron for the full 30 h of Nar1 depletion showed no FET3 expression (Fig. 6B) . The limited expression of FET3 in Nar1 shutoff cells was abrogated by deletion of AFT1 and AFT2 (data not shown). Nar1 shutoff cells containing a minimal FET3/lacZ fusion gene with a 23-bp iron regulatory element segment from FET3 cloned into a promoter-less vector showed no lacZ expression when cells were cultured in either CM or iron-supplemented medium (Fig. 6B ). As mentioned above (Fig. 1) , a FET3/ GFP fusion gene containing 531 bp of the FET3 promoter was also not induced in Nar1-depleted cells. In conclusion, Nar1-depleted cells exhibit strikingly different effects on the iron regulon as compared with Atm1-depleted cells.
Surprisingly, not all iron regulon genes were induced under conditions of NAR1 depletion. FIT3 was not induced (Fig. 7,  lane 1) and increasing the time for Nar1 depletion to 40 h failed 3 . Sulfite reductase activity in cells depleted of Atm1, Nar1, and glutathione. Gal-ATM1 and Gal-NAR1 cells were shifted from CM-Met 2% galactose to CM-Met 2% glucose media and allowed to grow for the indicated periods of time. ⌬gsh1 cells were shifted from YPD (glutathione-containing medium) to CM-Met 2% glucose (no glutathione in medium) containing 1 mM DTT where they grew for 7 h. WT, wild type.
TABLE II
Genes induced by Atm1 depletion compared to Aft1-1 up Yeast cells containing the Gal-ATM1 allele were depleted of Atm 1 for 16 h prior to harvest. RNA was extracted from these cells and poly(A) RNA recovered. DNA microarray analysis was carried out comparing to poly(A) RNA of wild-type cells. The mean from two duplicate experiments is shown. The data are compared to transcript profile data of AFT1-1 up cells published previously (20) . 
to elevate FIT3 expression (data not shown). DNA microarray analysis using RNA extracted from cells depleted of Nar1 for 30 h did not show any significant induction of most iron regulon genes (data not shown). Consistent with the lack of expression of most iron regulon genes in Nar1-depleted cells, radioiron uptake was not stimulated in these cells (24) . Thus, the iron regulon seems to be largely unaffected by Nar1 depletion.
The lack of induction of the iron regulon in Nar1-depleted cells may arise from conditions that lead to the inhibition of Aft1 activation in gene expression. To exclude this possibility, Gal-NAR1 cells were transformed with a vector containing the constitutive AFT1-1 up allele. Under conditions of Nar1 depletion, cells harboring the constitutive AFT1-1 up allele showed high expression of FIT3 and FET3 suggesting that depletion of Nar1 does not inhibit Aft1 function (Fig. 7, lane 2) . membrane transporter Atm1, the intermembrane space protein Erv1, glutathione, and at least three cytosolic factors (Nar1, Cfd1, and Nbp35) are needed for assembly of cytosolic/ nuclear Fe/S proteins. We show here that inhibition of Aft1/ Aft2 under iron replete conditions is dependent on functional Atm1 and on the presence of glutathione but independent of the function of Nar1, Cfd1, or Nbp35. Depletion of these factors results in impaired maturation of cytosolic/nuclear Fe/S proteins but no activation of Aft1/Aft2.
The cytosolic Fe-S protein assembly process is essential for yeast viability. At least one Fe-S cluster enzyme, Rli1, has a critical function within the cytoplasm (11, 28, 32) . Rli1 is reported to function in formation of the 43 S preinitiation ribosomal complex and also in ribosome biogenesis. The essential function of the cytosolic Fe-S proteins complicates studies on the role of these proteins in Aft1/2 sensing. The strategy employed in this investigation was using cells containing regulatable ATM1, NAR1, CFD1, and NBP35 genes and studying these cells depleted for these molecules at early times when growth impairment was minimal. Activation of Aft1 in Atm1-depleted cells occurred prior to growth impairment arising from total depletion of Atm1, so activation was likely independent of secondary phenomena related to growth arrest. Activation of Aft1 in these cells also occurred well before any loss of sulfite reductase activity that was used as a marker of cytosolic Fe-S protein maturation. Thus, Aft1 may sense a transient signal from the Atm1 pathway that is unaffected by Cfd1, Nar1, and Nbp35. Whereas Aft1 is activated as an early event, the activation of Aft2 in Atm1-depleted cells is retarded occurring only at a time when Fe-S cluster assembly in sulfite reductase is inhibited. The late activation of Aft2 may imply that it is inhibited by a distinct signal relative to Aft1. Alternatively, Aft2 may be less responsive to decreases in the inhibiting signal compared with Aft1.
The observation that depletion of Atm1 or GSH but not Nar1, Cfd1, or Nbp35 results in constitutive Aft1 activity implies that Nar1, Cfd1, and Nbp35 are downstream of the signal that regulates Aft1 function and localization. Because Nar1, Cfd1, and Nbp35 are essential for cytosolic Fe-S protein assembly, binding of an Fe-S cluster may not inhibit Aft1. Consistent with this conclusion is our observation that expression and anaerobic purification of the iron regulatory DNA binding domains of Aft1 or Aft2 fused to a poly-His purification tag from bacterial lysates in the presence or absence of an overexpressing bacterial ISC operon failed to show any spectroscopic signatures of a bound Fe-S center. In contrast, expression of human MutY in cells containing the overexpressing ISC operon revealed a dramatic increase in the abundance of Fe-S cluster conformer in purified MutY (data not shown). Likewise, in yeast we did not observe any stable association of 55 Fe-containing moieties with Aft1 fusion proteins (data not shown). Thus, under conditions in which a heterologous Fe-S-containing enzyme was isolated with bound Fe-S cluster, neither Aft1 nor Aft2 showed any evidence of a stably bound cluster.
The mitochondrial inner membrane transporter Atm1 is important to translocate the inhibitory iron signal generated by the mitochondrial ISC assembly machinery to the cytosol. It is not yet clear what substrate Atm1 transports. The observed suppression of the growth defect of ⌬atm1 cells by overexpression of the Mdl1 peptide transporter (29) suggests that Atm1 may transport a peptide-chelated iron complex. Glutathione is important in the Atm1 pathway, so one candidate complex may be a glutathione-tethered iron or an Fe-S intermediate. If the signal emanating from the Atm1/GSH transport process is an Fe-S intermediate, this intermediate may form a transient pool that is independent of the assembly of structural Fe-S clusters required for Fe-S containing proteins. This scenario implies that a branch point exists in the cytosolic/nuclear Fe-S protein biogenesis pathway after Atm1 but prior to the Nar1, Cfd1, and Nbp35 functional steps. This branch point would permit the sensing of iron to occur prior to dramatic changes in Fe-S cluster levels in the cytosolic proteins. Alternatively, the signal emanating from Atm1 may not be an Fe-S cluster (30, 31) . Resolution of this problem will require identification of the substrate for Atm1 transport.
In summary, these studies reveal that Aft1/Aft2 sense a compound intimately linked to mitochondrial Fe-S cluster synthesis but not to cytosolic iron levels (18) or to cytosolic Fe-S protein assembly. If these transcription factors sense a compound that contains iron or Fe-S, the complex must be labile, because we were unable to detect any 55 Fe associated with Aft1, and Fe-S cluster binding was not observed in anaerobic purification of Aft1 from Escherichia coli.
